We present here results from observations at 5.5 and 9 GHz of the Bullet cluster 1E 0657−55.8 with the Australia Telescope Compact Array (ATCA). Our results show detection of diffuse emission in the cluster. Our findings are consistent with the previous observations by Shimwell et al. (2014 ) & Shimwell et al. (2015 at 1.1-3.1 GHz. Morphology of diffuse structures (relic regions A and B and the radio halo) are consistent with those reported by the previous study. Our results indicate steepening in the spectral index at higher frequencies ( 5.0 GHz) for region A. The spectrum can be fit well by a broken power law. We discuss the possibility of a few recent theoretical models explaining this break in the power law spectrum, and find that a modified Diffusive Shock Acceleration (DSA) model or a turbulent reacceleration model may be relevant. Deep radio observations at high frequencies ( 5 GHz) are required for a detailed comparison with this model.
Introduction
Galaxy clusters have been studied extensively in X-rays (Sarazin 1988) and radio (Brunetti and Jones 2014; Feretti et al. 2012) . Galaxy clusters grow by mergers with other clusters and galaxy groups. These mergers create shock waves within the ICM that can accelerate particles to extreme energies, with the compression of magnetic fields along shock fronts causing an additional systematic pressure enhancement. These shocks can be studied through two different processes -Brehmsstrahlung (through X-ray observations) and Synchrotron (through radio), and they probe thermal and nonthermal populations of electrons.
peripheries of clusters are called radio relics. These are associated with relativistic electrons and magnetic fields in the ICM.
1E0657−56, known as the 'Bullet Cluster', is one of the hottest known clusters (with Xray luminosity L X ∼4.3×10 45 ergs s −1 ; temperature kT ∼ 14.7 keV) that has been well-studied over the last decade for a variety of reasons; namely, the existence of a cold front in the X-ray observations (Owers et al. 2009 ) a strong radio halo (Liang et al. 2000) , the Sunyaev-Zel'dovich effect (Halverson et al. (2009) , Plagge et al. (2010) and references therein), though most notably in providing the most direct proof of the existence of dark matter (Clowe et al. 2006) . It is a cluster collision/merger event at z ∼0.296, with the larger, eastward cluster being ∼10 times the mass of the smaller 'bullet'.
A powerful radio halo in the Bullet cluster was first reported by Liang et al. (2000) , who detected the radio halo using the ATCA as well as 843 MHz Molonglo Observatory Synthesis Telescope (MOST). Analysis of data in Liang et al. (2000) centered on a 3.5 Mpc 2 region defined by them on the basis of the extent of diffuse emission observed at 1.3 GHz. Shimwell et al. (2014) reported deep observations of the cluster at 2.1 GHz, with a noise rms of 15µJy beam −1 , a significant improvement over Liang et al. (2000) . This was made possible by two upgrades of the Australia Telescope Compact Array (ATCA) -addition of a N-S spur, and the increase in bandwidth by a factor of 16, through the Compact Array Broadband Backend, or CABB (Wilson et al. 2011) . These two upgrades improved the sensitivity of ATCA by a factor of ∼4, and enabled deep observations of Bullet cluster at 2.1 GHz and higher frequencies. Shimwell et al. (2014) constructed a spectral index map of the Bullet cluster, and detected polarization in a certain region. Shimwell et al. (2015) studied this region in more detail, and confirmed that it has the characteristics of a relic. They then proceeded to estimate the total brightness of the two components marked 'Region A' & 'Region B' in four sub-bands, and derive spectral indices −1.07±0.03 and −1.66±0.14 for the two components respectively. They also interpret 'Region B' as a second shock front. One of the most important aspects of the detection and characterization of diffuse emission in Shimwell et al. (2014) and Shimwell et al. (2015) is their "in-band" spectral index estimation, i.e. determination of spectral index within the 1.1-3.1 GHz ATCA band. Shimwell et al. (2014) and Shimwell et al. (2015) are critical not only for an accurate estimation of the radio halo / relic flux, but also to accurately determine the spectral index of both the radio halo and the radio relic. As a practical matter, it is in fact easier to estimate the total flux and spectral index of the radio relic as compared to the radio halo, since halos, due to their central location in cluster mergers, are likely to be in the vicinity of several point sources (bright radio galaxies).
GHz deep observations of
We summarize our observations in §2, describe data reduction in §3, present results in §4 (5.5 GHz results in §4.1, 9 GHz results in §4.2 and the radio relics in §4.3), and discuss the results in §5. Fig. 1 .-5.5 GHz radio image of the Bullet cluster, observed with H168 array of the ATCA, with a synthesized beam 50.5 ′′ ×35.9 ′′ (indicated as an ellipse in the bottom left corner). This is a naturalweighted image, and the extent of this image is similar to the figures in Shimwell et al. (2014) . Noise rms (σ RMS ) is 20µJy/beam. Contour levels are at −5, 5, 10, 15, 20, 40, 80, 160, 320 , 640 × σ.
Observations
The Australia Telescope Compact Array (ATCA) is a radio interferometer with six 22m antennas, five of which may be positioned on stations along a T-shaped rail track that is 3-km along E-W and 214-m along N-S.
The bullet cluster was observed for a total duration of 14 hours in the 6 cm and 3 cm bands with centre frequencies 5.5 GHz and 9 GHz respectively, in a 2-pointing mosaic, with the pointing centers at (J2000 epoch coordinates in slewing and calibration. Imaging from visibilities in this mosaic is described in §3.
Observations were made in the H168 array that has a maximum baseline up to 192-m (using the five antennas in the array) and a minimum baseline of 61-m. A summary of the observations is in Table 1 . Observations of the Bullet cluster were made in a pair of 2-GHz bands: a '5.5-GHz band' covering frequencies 4.5-6.5 GHz and a '9-GHz band' covering the range 8-10 GHz. Each of the 2-GHz wide bands were subdivided into 2048 frequency channels. All observations were in full polarization mode and recorded multi-channel continuum visibilities. In each observing session, antenna pointing corrections were updated every hour using a 5-point offset pattern observation on a bright calibrator, unresolved phase calibrators were observed every 60 min to monitor and correct for amplitude and phase drifts in the interferometer arms, and PKS B1934-638 was observed once every session as a primary calibrator to set the absolute flux density scale. Visibilities were recorded with 10 sec averaging. PKS B1934−638 was used as the primary calibrator, and PKS B0823−500 was used as a phase & bandpass calibrator.
The synthesized beam is much larger than in Shimwell et al. (2014) because of our observations being made in the second-most compact configuration at the ATCA, namely, H168. This restricts the longest baseline to 168-m, or ∼3kλ.
The Compact Array Broadband Backend, described in Wilson et al. (2011) , was used, with two independent 2048 MHz windows (dual polarization) for correlation, with 1 MHz resolution, which is the standard setting for continuum observations.
Data Reduction
Data were analysed using the Multichannel Image Reconstruction, Image Analysis and Display (MIRIAD, developed by ATNF-CSIRO); all image processing were also accomplished using utilities in this software package.
Adopted fluxes for the primary calibrator PKS B1934−638 were 4.965 and 2.700 Jy in the 6-cm and 3-cm bands respectively; the spectral index was adopted to be −1.23 in both bands (see Sault (2003) ). Outliers in the amplitudes of visibility data on PKS B1934−638 were rejected-removing ∼10% of data-and the reliable visibilities were used to set the absolute flux density scale as well as determine the instrument bandpass calibration. time ( When calibrated for the bandpass, the visibility amplitudes of PKS B0823−500 showed continuity across both the 2-GHz observing frequency ranges and a trend consistent with a single power-law: this was a check of the bandpass calibration. Drifts of up to 30 • were observed in the interferometer arms over the observing sessions: calibrations for the time-varying complex gains in the antenna signal paths as well as calibrations for polarization leakages were derived from the visibilities on PKS B0823−500. RMS phase variations in antenna signal paths within the 1-min calibrator scans was within 0.5 • , indicating that short timescale atmospheric and instrumental phase cycling would result in amplitude attenuation of less than 1%.
The visibility data in the 5.5 and 9 GHz bands were separately edited for interference and calibrated before bandwidth synthesis imaging. Visibility data in each of the 2 GHz wide bands were recorded over 2048 frequency channels, and 50 channels at each of the band edges were excluded from analysis to avoid data in frequency domains where signal path gains are relatively low. Frequency channels that appeared to have relatively large fluctuations in visibility amplitude owing to hardware faults in the digital correlator were also rejected prior to calibration and imaging.
Since no circular polarization is expected, Stokes V is expected to be consistent with thermal noise, and we make estimates of noise rms from Stokes V, following Subrahmanyan et al. (2000) . Therefore, at times and frequency channels where Stokes V visibilities deviate more than four times rms thermal noise in the calibrated visibilities acquired towards the cluster pointings, data in all Stokes parameters were rejected. Stokes-V based clipping was therefore done, aimed at automated rejection of self-generated low level interference. In order to carry out Stokes-V based clipping, the Miriad task Tvclip was used to find the median and rms levels for every channel, and then all visibilities beyond the median ±5σ were flagged, and the same flagging was applied to all the other Stokes parameters. This procedure was then repeated for every Stokes parameter. This way, 25% of the data at 5.5 GHz and 20% of the data at 9 GHz were flagged.
We note here that our observations were made in 2010, when the CABB system (Wilson et al. 2011) was relatively new, and therefore, noise per channel was higher, resulting in a higher T sys , i.e. system temperature/lower sensitivity than is currently possible. Going through our raw ATCA data, we find that the typical T sys in our data is ∼ 80-100K, whereas current estimates of T sys are in the range 40-50 K.
In order to mosaic the two pointings, we follow the scheme provided by Sault et al. (1996) ; namely, make a mosaic of all the data, leading to a mosaicked dirty image, using the option 'mosaic' in the Miriad task Invert. Then, deconvolution was done using Miriad task Mossdi, which allows a joint deconvolution of mosaicked images. Fig. 2 and Fig. 4 . Following the analysis described in previous sections, we obtained a radio image of the bullet cluster field, which is shown in Fig. 1 . This image was made with natural weighting, and so were all the subsequent images. It should be noted that the intrinsic resolution of this image is 50.5 ′′ ×35.9 ′′ . A list of point sources, and of regions with diffuse emission, with their location and total emission, is given in Table 2 ; locations of all point sources match with the values in Shimwell et al. (2014) .
There is clear evidence of diffuse emission at 5.5 GHz, which occurs in the same region as the 2.1 GHz image (Fig. 5) in Shimwell et al. (2014) . To facilitate comparison with the 2.1 GHz observations in Shimwell et al. (2014) , another figure has been made with a synthesized beam of 57 ′′ ×57 ′′ . Most baselines in the Shimwell et al. (2014) 2.1 GHz image are ≫5kλ, so it is not surprising that the diffuse emission we find in the 5.5 GHz image is similar as compared to 2.1 GHz (Shimwell et al. 2014 ) -morphologically. The total amount of diffuse emission in these regions is stated in Table 2 .
There is clear detection of the radio halo and two components of the radio relic, as described in Shimwell et al. (2014) and Shimwell et al. (2015) -these are clearly marked in Fig. 2 .
Qualitatively, diffuse emission in Fig. 2 is in good agreement with the 2.1 GHz image (Fig. 5) in Shimwell et al. (2014) -both in terms of extent and morphology. In particular, the radio halo at 5.5 GHz has a similar morphology and extent as the halo at 2.1 GHz in Shimwell et al. (2014) . We also detect -at relatively low significance -a bridge between the radio halo and Region A. Like Shimwell et al. (2014) , we detect more than one local maxima in the radio halo, and two of these local maxima coincide with the X-ray brightness centers, as in the 2.1 GHz image. The radio halo is extended along the merger axis, the physical extent of the radio halo is more along the merger axis than perpendicular to it, and there is a well-defined western edge, again, like the 2.1 GHz image in Shimwell et al. (2014) .
Radio Image at 9 GHz
A low-resolution natural-weighted image at 9 GHz of the Bullet cluster, with a synthesized beam of 33.1 ′′ ×22.3 ′′ is shown in Fig. 3 , and clearly shows diffuse emission is several regions -region A, region B and radio halo. Another image, with synthesized beam 34 ′′ ×34 ′′ (Fig. 4) was made to compute the spectral index of regions A & B. Region A is very prominent, but region B is barely detectable, and part of region B are absent, implying that the spectrum might have steepened.
There are several similarities with the 2.1 and 5.5 GHz images; for instance, just as in Shimwell et al. (2014) and §4.1, we detect more than one local maxima in the radio halo, and two of these local maxima coincide with the X-ray brightness centers, just as in the 2.1 and 5.5
GHz images -the third local maxima coinciding with the local maxima in radio halo at 5.5 GHz. The radio halo is extended along the merger axis, just as at 2.1 and 5.5 GHz, and there is a welldefined western edge, just as in the 2.1 and 5.5 GHz images. In other words, features of the radio halo at 9 GHz match qualitatively with the features detected by Shimwell et al. (2014) .
4.3. Radio relic at 5.5 and 9 GHz Shimwell et al. (2015) have detected and characterized relics in the Bullet cluster at 2.1 GHz. They measured the brightness, substructure and polarization properties of the two relic regions. They interpret Region B as a second shock front, and also comment on the high brightness of Region A, and speculate on its origin.
In this paper, we have detected both relic regions A and B in our 5.5 and 9 GHz observations (Figs. 1, 2 .88 ′′ at 9 GHz, the difference between the two positions being 4 ′′ , which is a fraction of the beamsize. Our definitions of Relic Regions 'A' and 'B' are exactly the same as in Shimwell et al. (2015) -with the same extents in declination.
The general large-scale morphology of Regions A and B is roughly similar to figures 1 & 3 in Shimwell et al. (2015) ; however, our observations lack angular resolution, so it is not possible to tell whether the high-resolution structure at 5.5 and 9 GHz is similar to the 2.1 GHz structure.
We have measured the integrated flux of the diffuse radio emission as a function of frequency for regions A and B (see Fig. 5 ) and characterized the 4.5 to 6.5 GHz & 8 to 10 GHz emission. Following Shimwell et al. (2015) , we calculated the uncertainty on our integrated flux density measurements by adding in quadrature the ATCA absolute flux calibration error of 2 per cent (Reynolds 1994) , with the error on the integrated flux density derived from the image noise. Flux densities for regions A and B at 5.021, 5.468, 5.944 and 9.013 GHz are provided in Table 3 .
In computing the spectral index, we have taken also taken into account the flux densities of regions A and B as presented in Fig. 2 in Shimwell et al. (2015) . Following Fig. 5 , we obtain the mean spectral index of region A to be −1.41
−0.07 between 1.1 and 9.0 GHz. For region B, we obtain a mean spectral index of −1.70
−0.31 between 1.1 and 9.0 GHz. For region A, we have also fit for a 2-spectral index model: one between 1.1 and 5.0 GHz and the other between 5.0 and 9.0 GHz. 1.1 to 3.1 GHz data is from Shimwell et al. (2014) and Shimwell et al. (2015) . The two mean spectral indices are α 1.1 5.0 = −1.1 and α 5.0 9.0 = −2.4. We present the spectrum of Relic Regions A and B in the 1.1-10 GHz range, in Fig. 5 .
As can be seen from Fig. 5 , the 2-spectral index model fits the data really well, which hints at the existence of a break in the power law between 1 and 9 GHz. A similar steepening was reported in Stroe et al. (2014) for the 'Sausage' cluster. It should be noted that such high-frequency steepening is inconsistent with Diffusive Shock Acceleration theory (Drury 1983) . Stroe et al. (2014) state that high-frequency steepening could be caused by an inhomogeneous medium with temperature/density gradients, or by lower acceleration efficiencies of high-energy electrons. This is discussed in §5.
4.4.
A note on the radio halo at 5.5 and 9 GHz
As mentioned in §4.1 and §4.2, the radio halo is easily detectable at both 5.5 and 9 GHz in our observations, and we also detect several peaks in the radio halo, spread along the merger axis of the cluster. Despite this, we have not done a detailed analysis at 5.5 and 9 GHz, because our observations lack the angular resolution to identify and characterize point sources, in order to exclude them from estimates of diffuse emission flux. The only details we provide here are as follows. Integrated flux of the radio halo within the 5σ contours, which is 7.1±0.3 mJy at 5.5 GHz and 1.6±0.3 mJy at 9 GHz. We do not compute the spectral index for the radio halo, since point-sources were not subtracted to get the above estimates. Improved data at 5.5 and 9 GHz with other ATCA configurations are essential for estimating the spectral index of the radio halo. We have applied for more time on the ATCA, with arrays that will provide higher resolution.
Point sources at 5.5 and 9 GHz
We present detection of 6 point sources in the Bullet cluster field at 5.5 and 9 GHz. Each one of these displays interesting features, especially the possible presence of jets. Sources 1,2,3,6, whose properties are described in Table 2 in Shimwell et al. (2014) , were also detected by us; their properties are listed in Table 2 .
Discussion
In this paper, we have presented the first detections of diffuse emission in the Bullet cluster at 5.5 and 9 GHz, using the ATCA (radio halo and relic regions A & B). We summarize the essential results as below: (2015) and in this paper as Region A) -significantly brighter than all other diffuse features, and unusually bright at 5.5 and 9 GHz, like the 2.1 GHz observations 2. There is a second shock front -named Region B -immediately to the south of Region A, which is elongated along N-S 3. At very low resolutions (57 ′′ at 5.5 GHz and 34 ′′ at 9.0 GHz), morphology of regions 'A' and 'B' are similar at 5.5 and 9 GHz compared to 2.1 GHz 4. Morphology and extent of the radio halo in the cluster are similar at 5.5, 9.0 and 2.1 GHz 5. Spectral index calculation shows a steepening at higher frequencies for Region A, which can best be characterized by a broken power law near 5.0 GHz.
Diffuse emission in cluster mergers has been detected at high frequencies (> 5 GHz) for the Bullet and other clusters (Malu et al. 2010; Malu and Subrahmanyan 2011) ; in particular, Stroe et al. (2016) have charaterized the spectrum of the 'Sausage' and 'Toothbrush' radio relics (van Weeren et al. 2010 (van Weeren et al. , 2012 ) from 150 MHz to 30 GHz. Therefore, a detection of the radio relic in the Bullet cluster at 5.5 and 9 GHz is unsurprising.
While an ideal Diffusive Shock Acceleration (DSA) model (e.g. Drury (1983) ) does not predict a break in the spectrum, more realistic models predict a gradual steepening in the 0.1-10 GHz range (Kang 2015 (Kang , 2016 . Breaks in the spectrum are usually observed to be in the 1-2 GHz. In Stroe et al. (2016) especially, the breaks in the spectra of the 'Sausage' and 'Toothbrush' radio relics are in the range 2-2.5 GHz. In the case of the observations presented in this paper, the break occurs close to 5 GHz. It is worth pointing out that the possibility of the break in the spectrum of the Bullet cluster occuring in the range 4.8-8.8 GHz has been pointed out (Siemieniec-Ozieblo 2004) , based on DSA modeling of the radio relic.
The change/steepening in the spectral index in DSA models with radiative cooling is ∼ 0.5 (e.g. Ensslin et al. (1998) ), whereas the change we measure for our observations are ≥ 1. In Stroe et al. (2016) , the change in the spectral index is ∼ 0.5 for the 'Toothbrush' relic, and ∼ 0.8 for the 'Sausage' relic. Therefore, it is safe to say that there may be variations in the spectral index change due to steepening. Fujita et al. (2015) point out that the turbulent reacceleration of cosmic ray (CR) electrons behind the shock can explain the spectral steepening -which cannot be explained by the standard DSA model -in a few cluster mergers, including the Bullet cluster. Interestingly, they point out possible obscurations of relics by turbulent reacceleration-formed radio halos; while no obscuring is observed in our observations or Shimwell et al. (2014) , both these observations detect a diffuse emission 'bridge' between the relic and the halo, which may be due to the reacceleration of the CR electrons behind the shock.
In order to explain the structure of radio relic spectra, Kang and Ryu (2015) explored DSA models where a spherical shock impinges on a population of relativistic electrons, as shown in their Fig. 1 , which details a shock front meeting an elongated structure of fossil relativistic electrons. On comparison with 'Sausage' cluster data from Stroe et al. (2016) , they were able to explain the break in the spectrum, but not the complete shape of the spectrum. Interestingly, Shimwell et al. (2015) have pointed out the possibility of fossil relativistic electrons leftover from a radio galaxy causing the bright relic A, so that the modeling done by Kang and Ryu (2015) is directly applicable.
In this context, Kang and Ryu (2016) have considered the model of radio relic formation that is perhaps most relevant for the radio relic in the Bullet cluster, wherein the merger shock goes through a small-size collection of fossil electrons -this causes the spectrum to be steeper than it would be only through radiative aging. Using their simulations, Kang and Ryu (2016) were abe to reproduce the spectral curvature in the Sausage cluster as measured in Stroe et al. (2016) . Figs. 5 & 6 in Kang and Ryu (2016) show their models, with data points from Stroe et al. (2016) , in good agreement with their model.
In order to compare the spectrum of the radio relic with the models detailed by Kang and Ryu (2016) and Fujita et al. (2015) , high-resolution maps of the Bullet cluster at 5.5 and 9 GHz are needed -hence the need for deep observations at these two frequencies, using the appropriate arrays, which we are going to apply for. Also, deeper radio observations along with X-ray data near the relic regions will allow us to study radio and X-ray properties of shocks in order to understand the dynamics of this merger (Datta et al. 2014 ).
In summary, our 5.5 & 9 GHz data exhibit a steepening of the spectrum of the radio relic in the Bullet cluster. Recent theoretical models may lead to a better understanding of the origin of the radio relic in the Bullet cluster, as has been demonstarted for the 'Sausage' relic -further observations with high resolution are needed at 5.5 and 9 GHz to facilitate comparison with these models.
